Abstract. Cobalt and nickel impregnated on magnetite catalysts have been prepared, characterized and used for the hydroacylation reaction of different azodicarboxylate compounds with aldehydes, using nearly stoichiometric amounts of both reagents in only 3 h. Furthermore, this reaction has been conducted with the smallest amount of catalyst.
Introduction
The C-N bond formation is one of the most important reactions in organic synthesis, which has found a wide application in the synthesis of many organic substances including natural products. [1] This type of bonds has been constructed using polar, radical and transition metal-catalyzed reactions, [2] with dialkyl azodicarboxylate compounds being used during the last few decades to perform this type of transformation. These reagents contain a vacant orbital and a strong electron-withdrawing group which contributes to make them good nucleophilic acceptors, favouring their reaction. Several types of reactions, such as the zwitterion intermediate reaction, the electrophilic α-amination of carbonyl compounds, the C-H activation at the α-position of amines and ethers, and the ene-type reaction with olefins have been extensively studied using azodicarboxylate compounds. [3] However, the hydroacylation reaction with aldehydes has been less considered. [4] The first example of the hydroacylation of azodicarboxylate derivatives using an excess of formaldehyde [5] was introduced in 1914 and after that, the scope of the aliphatic aldehydes for the reaction was increased, affording in all cases moderate yields after several days of reaction time. [6] Recently, the use of unusual solvents, such as ionic liquids [7] or water [8] has been introduced in order to increase the reaction scope as well as to overcome other previous drawbacks.
However, the reaction using arenecarbaldehydes still is very challenging and unsuccessful.
The first metal catalyzed process was introduced in 2004 using [Rh(OAc) 2 ] 2 (2 mol%), with the aforementioned arenecarbaldehyde limitation not being overcome. [9] The use of copper(II) acetate, [10] as well as zinc [11] catalyst, allowed to carry out the reaction with aliphatic and aromatic aldehydes with similar yields for both substrates, but increasing the reaction time from 10 h for aliphatic aldehydes to several days for arenecarbaldehydes. It should be pointed out that there is only one example of heterogeneous catalyst performing the hydroacylation of azodicarboxylate derivatives. [12] The reaction using CuO nanoparticles supported on silica (10 mol%), as catalyst, gave similar results, in terms of yields and reaction times (12-30 h) independently on the nature of aldehyde.
We have recently developed a new, simple and robust method to immobilize different metal oxides [13] on the surface of the magnetite. [14] Here we show the application of this new cobalt catalyst [15] for the hydroacylation reaction of azodicarboxylates compounds.
Results and Discussion
The hydroacylation reaction of diisopropyl azodicarboxylate (DIAD, 1a) and benzaldehyde (2a) catalyzed by iridium impregnated on magnetite was selected as the model for the optimization of the reaction conditions (Table 1) . Benzaldehyde was chosen for its limited success in previous protocols, and the iridium catalyst for its tendency to have an easy electronic state change. Initially, the effect of F o r P e e r R e v i e w 2 temperature on the results was examined (entries 1-6), achieving the best result at 60 ºC (entry 4). Then, different solvents were tested (entries 4 and 7-15), with the reaction proceeding with similar results in water and dichloroethane and reaching the best results in trichloroethylene. It should be pointed out that the hydrazine byproduct (4a) was obtained as the main compound in THF. In order to establish the hydrogen-donor for the process, the reaction was repeated using tetrahydrofuran-d 8 . After quenching the reaction by addition of toluene and magnetic decantation, the GC-MS of crude mixture showed the corresponding deuterated by-product 4a, with the incorporation of the second deuterium being lower than 25%. Then, the reaction was conducted with α-deuterobenzaldehyde and THF, with the monoincorporation of deuterium to the byproduct 4a being negligible. CN  72  2  0  2  40  CH 3 CN  72  18  0  3  50  CH 3 CN  72  32  0  4  60  CH 3 CN  72  65  5  5  70  CH 3 CN  72  15  0  6  100  CH 3 CN  72  9  0  7  60  -72  54  7  8  60  THF  72  7  92  9  60  H 2 O  72  70  21  10  60  PhMe  72  30  4  11  60  (ClCH 2 ) 2  72  69  2  12  60  CHCl 3  72  24  9  13  60  CCl 4  72  25  4  14  60  Cl 3 CCH 3  72  12  5  15 60 Cl 2 C=CHCl 24 80 10 a) Reaction carried out using compounds 1a (1mmol), 2a (1.2 mmol), in 1 mL of solvent.
b) Isolated yield after column chromatography.
Once the optimal conditions were determined, the reaction was submitted to a variety of catalyst prepared by simple impregnation protocol ( Table 2) . The reaction without catalyst gave a poor yield (entry 1). Then, the activity of the support was evaluated using magnetite as the unique catalyst. Nanoparticles or microparticles of magnetite (entry 2 and 3) were used with the results showing the inactivity of the support, reaching the same yield to that without catalyst. Once the activity of magnetite was tested, different metal oxides impregnated on magnetite (entries 4, 7, 10-18) were evaluated as catalyst, achieving surprisingly the best result with the cobalt catalyst in only 3h (entry 4). To the best of our knowledge, this is the first time that a cobalt catalyst showed its great activity for the hydroacylation reaction. This reaction time is the shortest time ever reported for this type of reaction. The molecular oxygen seems to have an important role in the initial radical acyl formation in non-catalyzed processes.
[8c]
In order to clarified this aspect, the reaction was repeated but in inert atmosphere, obtaining similar result (entry 4, footnote d). Then, the reaction was carried out with different bimetallic catalysts (entries 19 and 20), obtaining worse results. Different amounts of catalyst were tested (entries 5, 6, 8 and 9) finding that increasing the amount of nickel or cobalt, the amount of byproduct 4a was increased, whereas the decrease of the catalyst amount, decreased the yield of 3a. Reactions using cobalt oxide or nickel oxide alone gave moderate yields (entries 21 and 22), with these results pointing out the high activity of these nanostructured catalysts. It should be highlighted that the optimal amount of catalyst is the lowest one ever reported.
Having established the similar catalytic activity for cobalt and nickel derivatives, the problem of recycling was faced (Figure 1 ). When the catalyst was recovered from the reaction mixture by magnetic decantation, washed with toluene, and reused under the same reaction conditions, the expected product 3a was obtained in good yields with both catalysts. These catalysts could be recycled up to 10 times with a slight loss of their activity for the case of NiOFe 3 O 4 , in which the yield decreased to 53%. However, the CoO-Fe 3 O 4 catalyst kept its activity practically constant and only in the last reaction cycle the yield decreased slightly. In order to study the effect of the reaction conditions on the cobalt catalyst, the nanosize distribution of the cobalt catalyst was measured after only one reaction process, and after ten-times, observing a small sinterization of the nanoparticles. Before the reaction, the size of 77% of the cobalt oxide particles on the surface of the catalyst was between 1 and 4 nm. After the first recycling of the catalyst, the average of the cobalt oxide particles was practically the same, as the fresh one. However, after ten reactions, the recycled catalyst suffered a small sinterization process, with the 73% of cobalt oxide particles measuring between 2 and 6 nm ( Figure 2 ).
The XPS study of catalyst [16] showed the transformation of cobalt(II) oxide onto the corresponding cobalt(II) hydroxide. These small changes in particle size as well as the initial cobalt species seemed not to affect the activity of the catalyst, since it could be reused ten times with similar results. To know if the reaction took place by the leached cobalt species to the organic medium, we performed the standard reaction (Table 3 , entry 1). After that, the catalyst was removed carefully by a magnet at high temperature, and washed with trichloroethylene. The solvents of the above solution, without catalyst, were removed under low pressure and DIAD (1a) and 3-methylbenzaldehyde, as well as 1 mL of Cl 2 CCHCl, were added to the above residue. The resulting solution was heated again at 60 ºC for 3 h. The analysis of crude mixture, after hydrolysis, revealed the formation of compound 3a in 93% (catalyzed process) and product 3c in 72% yield by GC-analysis (compare with entry 3 in Table 3 ). It seems that the reaction takes places under homogeneous conditions. Finally ICP-MS analysis of the crude reaction solution showed the leaching of a small amount of cobalt (1.4% of the initial amount) and iron (0.17% of the initial amount). All these data seem to point into the direction that the initial cobalt-impregnated magnetite catalyst is only a reservoir for homogeneous cobalt species, and after the reaction has taken place in the homogeneous solvent phase, the cobalt species is efficiently re-adsorbed by the magnetite surface, keeping its activity.
The evolution of yield for compound 3a with the time at different catalyst and reactive loadings is depicted in Figure 3 . Assuming that the equation rate is simple and that the reaction conditions permit a pseudo-first order approximation for all reagents, the equation rate could be expressed as Ln r oi = α Ln [A] oi + constant, being [A] the initial concentration of catalyst or reagents. The estimation of the initial reaction rate for each trial and their representation allowed us to estimate the value of the reaction order for the catalyst and for both reagents, with the obtained value being very close to ½ for both reagents and ¾ for cobalt catalyst. These results pointed out that the mechanism is not very simple and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   4 could be an indirect indication of a previously reported radical mechanism. To verify this fact, a radical scavenger (TEMPO) was added to the initial reaction solution, recovering the starting reagents unchanged after 6 h. In order to know if the sun light had some impact on the possible radical reaction pathway, the reaction was performed in a light protected tube, affording a similar result (88%) to that presented in Table 2 , entry 4. With the best conditions in hand, the scope of the reaction was evaluated using cobalt as well as nickel catalyst (Table 3 ). The reaction gave excellent and consistent results when diisopropyl azodicarboxylate reagent was employed using different arenecarbaldehydes bearing electron withdrawing groups (Table 3 , entries 7-10). However, the presence of electron donating groups at the aryl moiety decreased somehow the yield, with the reaction using 3,4,5-trimethoxybenzaldehyde giving the worse result (entry 6). Interestingly, the reaction using cobalt catalyst led to higher yields than by using nickel. The reaction reached good results when other aromatic aldehydes, including heteroaromatic (entry 12) or α,β-unsaturated aldehydes (entry 13), were used. The reaction with aliphatic aldehydes also gave excellent results independently of the substitution at the α-position or the presence of an isolated C-C double bond. It should be pointed out that the reaction using diethyl azodicarboxylate gave practically the same result as the diisopropyl derivative. However, when the steric hindrance of the azoderivative was increased the final yield decreased (compare entries 1, 19 and 20). 
Conclusion
In conclusion, we have demonstrated that cobalt impregnated on magnetite is a good catalyst for the hydroacylation reaction with azodicarboxylates independently of the nature of aldehyde and using nearly stoichiometric amounts of both reagents, with the nickel catalyst having similar activity. Furthermore, this reaction could be conducted with the smallest amount of catalyst, requiring the shortest reaction time, compared to previous results in the literature. The catalyst was stable enough to be removed by a magnetic decantation and recycled tenfold with any detrimental effect on the results.
Experimental Section
General Information. Melting points were obtained with a Reichert Thermovar apparatus. NMR spectra were recorded on a Bruker AC-300 ( . Column chromatography was performed using silica gel 60 of 40-63 mesh. All reagents were commercially available (Acros, Aldrich, Fluorochem) and were used as received. The Xray Fluorescence analyses were carried out on a PHILIPS MAGIX PRO (PW2400) X-ray spectrometer equipped with a rhodium X-ray tube and a beryllium window. The incorporation of cobalt was determined by X-ray fluorescence. The BET analyses were carried out on a automatic volumetric AUTOSORB-6 Quantachrome and its degasser unit. N 2 at 77K was used as gas. X-ray photoelectron spectroscopy analyses were carried out on a VG-Microptech Multilab 3000 equipped with a hemispheric electron analyzer with 9 channeltrons (pass energy between 2 and 200 eV) and a X-ray tube with Mg and Al anodes. TEM analyses were carried out on a JEOL JEM-2010 microscope, equipped with a X-ray detector Oxford Inca Energy TEM 100 for microanalysis (EDS). The program Fiji-win32 was used to measure the particle size distribution on TEM images. XRD analyses were obtained on a Bruker D-8 advance diffractometer cith Göebel mirror with high temperature chamber and X-ray generator Kristalloflex K 760-80F(3KW, 20-60KV and 5-80mA).
General Procedure for the Preparation of Cobalt
Catalyst. To a stirred solution of the metal salt CoCl 2 ·6H 2 O (1 mmol, 238 mg) or NiCl 2 ·H 2 O (1 mmol, 130 mg) in deionized water (120 mL) was added commercial available Fe 3 O 4 (4 g, 17 mmol, powder < 5 µm, BET area: 9.86 m 2 /g). After 10 minutes at room temperature, the mixture was slowly basified with NaOH (1M) until pH around 13. The mixture was stirred during one day at room temperature in air. After that, the catalyst was filtered and washed several times with deionized water (3 × 10 mL). The solid was dried at 100 ºC during 24 h in a standard glassware oven, obtaining the expected catalyst.
General Procedure for the Hydroacylation of Azodicarboxylate Compounds.
To a stirred solution of the corresponding aldehyde (2, 1.2 mmol) in trichloroethylene (1 mL) were added the catalyst (50 mg) and the corresponding substituted azodicarboxylate (1, 1 mmol). The resulting mixture was stirred at 60 ºC until the end of the reaction. The catalyst was removed by a magnet and the resulting mixture was quenched with water and extracted with AcOEt (3 × 5 mL). The organic phases were dried over MgSO 4 , followed by evaporation under reduced pressure to remove the solvent. The product was usually purified by chromatography on silica gel (hexane/ethyl acetate) to give the corresponding products 3. Physical and spectroscopic data, as well as literature for known compounds, follow.
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